###### What is already known on this topic

-   Midazolam clearance varies with age.

-   Critical illness is a major determinant of clearance.

###### What this study adds

-   There is a large inter-individual variation in midazolam clearance in critically ill children and neonates.

-   It is likely that many critically ill children are either underdosed or overdosed with midazolam.

Introduction {#s1}
============

Midazolam is a short acting benzodiazepine that is used in the treatment of prolonged seizures and as a sedative for both procedures and critically ill children who are ventilated.[@R1] In critically ill children, it is administered by the intravenous route as an infusion. For procedures, it is often administered orally. After oral administration, it is absorbed rapidly from the gastrointestinal tract and the maximum plasma concentration is achieved within 30 min.

Dosing of midazolam, like most medicines used in children, is based on body weight.[@R2] Dosing in children is usually extrapolated from pharmacokinetic studies in adults. These are initially performed on healthy adult volunteers. Before a medicine is used in children, there is usually significant clinical experience in adults, alongside scientific studies including pharmacokinetic studies in adult patients receiving the medication. These are adults with different illnesses who may handle the drug differently to healthy adult volunteers. Pharmacokinetic studies in children receiving midazolam are of benefit in ensuring that appropriate doses are given. However, doses are usually calculated from mean pharmacokinetic values. It is important to be aware that there is often significant inter-individual variation in the pharmacokinetics, and in particular the clearance of a medicine, due to factors such as age,[@R5] weight,[@R6] disease[@R7] and ethnicity/genotype.[@R8] Recently, other more specific methods such as population pharmacokinetics (PK) modelling have been developed. This allows for age appropriate individualisation of dosing for children.[@R9]

We wished to explore which factors were associated with the greatest inter-individual variation in midazolam clearance in paediatric patients. We therefore performed a systematic review of pharmacokinetic studies in paediatric patients involving midazolam.

Methods {#s2}
=======

A systematic literature search was performed to identify all papers describing the clearance of midazolam in children. The following databases were used: MEDLINE (1946 to May 2012), EMBASE (1974 to May 2012), International Pharmaceutical Abstracts (1970 to April 2012), CINAHL and Cochrane Library. The databases were searched separately and combined together to remove duplications. The search strategy included all languages and involved the keywords: 'midazolam' AND 'child\*' OR 'p\*ediatric\*' OR 'infant\*' OR 'new-born\*' OR 'neonate\*' OR 'adolescent\*' AND 'pharmacokinetic\*' OR 'clearance' OR 'half-life' OR 'absorption' OR 'distribution' OR 'metabolism' OR 'elimination' OR 'pharmacodynamic\*'.[@R10]

We excluded the following: review articles, editorials, conference abstracts, studies in adults aged 18 years and over, and studies that involved adults and paediatric patients where the paediatric data were not presented separately. Studies in which midazolam was not administered intravenously were also excluded as clearance is dependent on bioavailability if administered orally or rectally. Inclusion criteria were original research studies assessing the pharmacokinetics of midazolam in children up to the age of 18 years. Data such as number of patients, ethnicity, dose and clearance were extracted. The mean/median clearance as well as both the minimum and maximum clearance values was noted. The variation ratio was calculated from the range of clearance (maximum clearance divided by the minimum clearance). The coefficient of variation (CV) was extracted from the paper if given. If individual data were presented, then the CV was calculated using the formula which allows for the fact that clearance is usually log normally distributed in children. If individual data were not available, then CV was estimated by dividing the SD by the mean of clearance, i.e., normal distribution assumed. Patients were divided into two groups: (1) critically ill if they were in an intensive care unit and (2) non-critically ill which included other groups. We also contacted original authors by email if their paper did not give the full range of clearance values but only gave mean clearance values.

Results {#s3}
=======

A total of 1654 articles were identified but only 25 articles met the inclusion criteria[@R7] [@R11] ([figure 1](#ARCHDISCHILD2013305720F1){ref-type="fig"}). The 1367 articles that were excluded were 613 studies where data for midazolam were not presented, 359 studies that did not give data for midazolam pharmacokinetics, 245 review articles, 122 studies in adults, 16 conference abstracts, eight editorials, and one study involving adults and paediatric patients where the paediatric data were not presented separately. Three studies that involved oral/rectal administration of midazolam were excluded. Two authors provided individual data in response to the email request and this has been included in the table. Fourteen studies stated the compartment model used for the PK analysis. Seven used a two compartment model,[@R11] [@R12] [@R14] [@R15] [@R17] [@R18] [@R21] one used a three compartment model,[@R31] one used both one and two compartment model[@R17] and five used a non-compartment model.[@R13] [@R16] [@R24] [@R25] [@R28] Ethnicity was described in only four studies.[@R15] [@R16] [@R24] [@R30] All studies except two were population PK studies. Six papers stated the CV.[@R14] [@R15] [@R17] [@R21] Six other papers provided individual data allowing calculation of CV.[@R12] [@R16] [@R20] [@R22] [@R29] [@R31] In nine papers, only the SD was reported and therefore CV was estimated assuming normal distribution.[@R11] [@R20] [@R25] [@R30] [@R33] [@R34] The CV for all paediatric age groups ranged between 13% and 170% ([figure 2](#ARCHDISCHILD2013305720F2){ref-type="fig"}).

![Flow chart of the search performed.](archdischild-2013-305720f01){#ARCHDISCHILD2013305720F1}
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Nine studies reported midazolam clearance in 349 critically ill neonates undergoing sedation for mechanical ventilation ([table 1](#ARCHDISCHILD2013305720TB1){ref-type="table"}). The CV in four studies in preterm neonates ranged from 72% to 106%. The CV in four studies in term neonates ranged from 18% to 73%. Four studies gave the full range of clearance values for individual neonates.[@R11] [@R16] Three studies in preterm neonates suggested a 4.5-, 5- and 10-fold variation in clearance in 15, 10 and 24 neonates, respectively.[@R11] One study involving five term neonates reported a twofold variation in clearance.[@R16] The mean clearance in preterm neonates ranged from 0.78 to 2.1 mL/kg/min and in term neonates ranged from 1.17 to 2.5 mL/kg/min.

###### 

Midazolam clearance in critically ill paediatric patients

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Age group              Number of patients   Range of weight (kg)   Mean clearance (mL/kg/min)   SD     Coefficient of variation (CV) (%)   Range of clearance (mL/kg/min)   Variation ratio in clearance                             Comments                      Study
  ---------------------- -------------------- ---------------------- ---------------------------- ------ ----------------------------------- -------------------------------- -------------------------------------------------------- ----------------------------- -----------------------------
  Preterm neonates       15                   1--3.3                 1.7                          1.8    106                                 0.6--2.7                         4.5                                                      --                            Jacqz-Aigrain *et al*[@R11]

  10                     2.3--3.9             2.1                    1.3                          72     0.7--3.7                            5                                Individual data available                                Jacqz-Aigrain *et al*[@R12]   

  24                     0.8--1.6             1.8\*                  NA                           NA     0.7--6.7                            10                               --                                                       de Wildt *et al*[@R13]        

  9                      0.7--1.4             1.7                    1.4                          81     NA                                  NA                               CV provided by authors                                   Harte *et al*[@R14]           

  33                     0.5--1               0.78                   0.6                          83     NA                                  NA                               The only population PK study with omega^2^/eta values\   Lee *et al*[@R15]             
                                                                                                                                                                              CV provided by authors                                                                 

  27                     1--1.65              1.24                   0.9                          78     NA                                  NA                                                                                                                      

  Term neonates          5                    2.8--3.8               2.5                          0.75   30                                  1.8--3.7                         2                                                        Two stage PK study\           de Wildt *et al*[@R16]
                                                                                                                                                                                                                                       Individual data available     

  187                    0.7--5.2             1.17\<39/40 GA\        0.7\                         65     NA                                  NA                               CV provided by authors                                   Burtin *et al*[@R17]          
                                              1.84\>39/40 GA         1.2                                                                                                                                                                                             

  20                     2.7--3.9             2.6                    NA                           18     NA                                  NA                               Pre-ECMO\                                                Ahsman *et al*[@R18]          
                                                                                                                                                                              CV provided by authors                                                                 

  19                     3.4†                 1.4                    1                            73     NA                                  NA                               Post-ECMO\                                               Mulla *et al*[@R19]           
                                                                                                                                                                              CV provided by authors                                                                 

  \>28 days--23 months   25                   NA                     6                            7      130                                 0.6--25.8                        43                                                       Individual data available     Hughes *et al*[@R20]

  6                      3.6--20              4.8                    5                            89     1.8--16                             9                                Two stage PK study\                                      de Wildt *et al*[@R16]        
                                                                                                                                                                              Individual data available                                                              

  24                     5.1--12              16.7                   5.2                          31     0.1--0.6                            6                                Not ventilated, mL/min (not kg^−1^)\                     Peeters *et al*[@R21]         
                                                                                                                                                                              CV provided by authors                                                                 

  2                      NA                   2                      1.8                          50     0.4--3                              7.5                              Two stage PK study\                                      Minagawa and Watanabe[@R22]   
                                                                                                                                                                              Individual data available                                                              

  2--11 years            5                    13--88                 1.1                          NA     NA                                  0.9--3.8                         4                                                        --                            Roberts *et al*[@R23]

  4                      15--40               6                      3.8                          72     2.3--11                             5                                Two stage PK study\                                      de Wildt *et al*[@R16]        
                                                                                                                                                                              Individual data available                                                              

  12                     8.7--12              14.4                   NA                           NA     9.2--19.7                           2                                --                                                       Muchohi *et al*[@R24]         

  12                     NA                   15.5                   20                           170    0.5--66.6                           133                              Individual data available                                Hughes *et al*[@R20]          

  6                      6.4--25              12                     6.6                          55     NA                                  NA                               --                                                       Mathews *et al*[@R25]         

  6                      8.5                  1.8                    21                           NA     NA                                  --                                                                                                                      

  5                      9.1                  3.4                    37                           NA     NA                                  --                                                                                                                      

  12--18 years           3                    50--62                 3.2                          1.6    47                                  2--5                             2.5                                                      --                            de Wildt *et al*[@R16]

  3                      NA                   5                      4.5                          150    1.5--8                              5                                Two stage PK study\                                      Minagawa[@R22]                
                                                                                                                                                                              Individual data available                                                              

  2 days--17 years       21                   3.8--24.5              5                            3.9    78                                  NA                               NA                                                       --                            Vet *et al*[@R26]

  8 days--16.2 years     22                   NA                     NA                           NA     NA                                  1.6--51.6                        32                                                       --                            Nahara *et al*[@R7]

  26 days--5 years       24                   NA                     13.5                         10.6   78                                  1.5--43.4                        29                                                       --                            Hartwig *et al*[@R27]
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*Median. †Mean.

CV, coefficient of variation; ECMO, extracorporeal membrane oxygenation; GA, gestational age; NA, not available.

Four studies reported midazolam clearance in critically ill infants.[@R16] [@R20] The CV ranged from 31% to 130%. The CV was lowest in the study where the infants were not ventilated.[@R21] All four studies gave the full range of clearance values for individual infants. There was a 6--43-fold variation in clearance values.

Five studies reported clearance values in critically ill children.[@R16] [@R20] [@R23] The CV ranged from 21% to 170%. Four studies gave the full range of clearance values for individual children. There was a twofold to fivefold variation in clearance values in three studies and a 133-fold variation in one study.[@R16] [@R20] [@R23] [@R24]

Two small studies in critically ill adolescents had a CV of 47% and 150%. There was a 2.5--5-fold variation in clearance values.

Three other studies in critically ill children included data from neonates and did not present the data in relation to age ([table 1](#ARCHDISCHILD2013305720TB1){ref-type="table"}). The CV was 78% in both of these studies. There was a 29--32-fold variation in clearance values.

The studies in critically ill neonates, infants, children and adolescents all documented significant inter-individual variation in clearance. One study where the authors provided individual data excluded data from three patients where there was even greater inter-individual variation due to their renal failure, hepatic failure and concomitant erythromycin-fentanyl therapy.[@R16]

There were seven studies that reported midazolam clearance in non-critically ill infants, children and adolescents ([table 2](#ARCHDISCHILD2013305720TB2){ref-type="table"}). The CV ranged from 13% to 54%. Four of these studies gave the full range of clearance values for individual patients.[@R29] The degree of inter-individual variation in clearance in these children ranged from 2-fold up to 10.5-fold.

###### 

Midazolam clearance in non-critically ill children

  Age group              Number of patients   Range of weight (kg)   Mean clearance (mL/kg/min)   SD   Coefficient of variation (%)   Range of clearance (mL/kg/min)   Variation ratio in clearance   Type of patients            Comments                    Study
  ---------------------- -------------------- ---------------------- ---------------------------- ---- ------------------------------ -------------------------------- ------------------------------ --------------------------- --------------------------- ---------------------
  \>28 days--23 months   5                    2.8--12.8              11.3                         6    53                             NA                               NA                             Minor surgery               Two stage PK study          Reed *et al*[@R28]
  2--11 years            6                    11--17                 13.3                         4    41                             9.5--17.8                        2                              Minor surgery               Individual data available   Rey *et al*[@R29]
  12                     14--38.5             15.3                   3.1                          20   11--23                         2                                Minor surgery                  --                          Jones *et al*[@R30]         
  6                      22--30               3.2                    1.1                          54   1.1--6.5                       6                                Minor surgery                  Individual data available   Kraus *et al*[@R31]         
  21                     23.2\*               NA                     NA                           NA   1.3--13.7                      10.5                             Elective surgery               --                          Salonen *et al*[@R32]       
  14                     19.5\*               10                     3.8                          38   NA                             NA                               Minor surgery                  Two stage PK study          Reed *et al*[@R28]          
  8                      8.4--26.2            9.1                    1.2                          13   NA                             NA                               Minor surgery                  --                          Payne *et al*[@R33]         
  12--18 years           20                   NA                     10                           5    50                             NA                               NA                             Endoscopy                   --                          Tolia *et al*[@R34]
  2                      62\*                 9.3                    3.8                          40   NA                             NA                               Minor surgery                  Two stage PK study          Reed *et al*[@R28]          

\*Mean.

NA, not available.

The mean clearance was highest in children and lowest in preterm neonates. The CV was greater in critically ill patients of all ages than non-critically ill ([table 3](#ARCHDISCHILD2013305720TB3){ref-type="table"}).

###### 

Coefficient of variation for midazolam clearance in paediatrics

  Age                Critically ill (%) (n)   Non-critically ill (%) (n)
  ------------------ ------------------------ ----------------------------
  Preterm neonates   72--106 (118)            --
  Term neonates      18--73 (231)             --
  Infants            31--130 (57)             53 (5)
  children           21--170 (50)             13--54 (67)
  Adolescents        47--150 (6)              40--50 (22)

Discussion {#s4}
==========

Inter-individual variation in midazolam clearance was greater in critically ill patients than non-critically ill patients. The CV was greater than 50% in the majority of studies in critically ill patients. Midazolam is administered by a continuous intravenous infusion in critically ill children and the dose is titrated in relation to the response. There is a fourfold variation in dosage administration (30--120 μg/kg/h) for children between the ages of 6 months and 12 years.[@R3] There was, however, a greater than fourfold variation in midazolam clearance in the majority of studies in the critically ill. The greater variation in midazolam clearance values than the dosage schedule suggests that many children may receive too high or too low a dose of midazolam in order to obtain satisfactory sedation. This may explain the poor sedation achieved in clinical trials with midazolam in critically ill children.[@R35]

Critical illness may extensively affect midazolam clearance in both children[@R36] and adults.[@R37] [@R38] Three studies in critically ill adults suggested a 12--20-fold variation in midazolam clearance with variation in dose between 2- and 10-fold.[@R37] One of the first studies of midazolam in critically ill children described a 40-fold variation in plasma concentrations of midazolam despite there being only a 2.5-fold variation in dosage.[@R40] Several factors can affect the pharmacokinetics of drugs in critically ill patients.[@R41] Both hypoxia and shock are common in the critically ill. The liver is sensitive to hypoxia as the majority of its blood supply is from the portal vein where blood has a low oxygen content.[@R41] Hypoxia can affect the cells in the liver which are responsible for blood metabolism. Shock which is common in critically ill patients, especially prior to admission to an intensive care unit, results in a reduced blood flow to the liver, which results in a reduction in enzyme activity in hepatocytes. The clearance of morphine was reduced in adults with shock following acute trauma.[@R42] Other factors that can affect drug metabolism in the critically ill include systemic inflammatory responses.[@R41] Inflammatory mediators such as interleukin 1, interleukin 6, tumour necrosis factors and interferon may all have an effect on drug metabolism.[@R43] Stress, changes in diet, endocrine changes and other drugs may also affect drug metabolism.[@R41] Mechanical ventilation can reduce cardiac output and therefore reduce blood flow to the organs, especially the liver and kidneys, which are responsible for drug clearance.[@R44] However, reduced blood flow to the liver does not substantially affect midazolam clearance as it is not a high extraction ratio drug. Changes in volume of distribution can occur as a result of infection and inflammation in critically ill patients. Endotoxins from infective agents can affect the endothelium of blood vessels, causing either vasoconstriction or vasodilatation which can lead to abnormal distribution of drugs.[@R41]

There was significant inter-individual variation in critically ill neonates with a 2--10-fold variation in plasma clearance values and CV between 18% and 106%. Midazolam is administered by continuous intravenous infusion in critically ill neonates and the dose titrated according to the response. However, there is no 10-fold variation in doses used in neonates. In the papers listed in this review, there was a fourfold variation in midazolam dosage in neonates. The CV was greater in preterm neonates (72%--106%) than term neonates (18%--73%). Clearance is lower in neonates than older children and adolescents due to the immaturity of drug metabolism process in neonates.

The major pathway of midazolam metabolism is oxidation, which involves the cytochrome P450 (CYP) dependent enzymes. The major CYP enzymes are CYP3A4, CYP3A5 and CYP3A7. CYP3A4 activity is significantly reduced in neonates. CYP3A7 has the greatest activity in the neonatal period, but does not contribute substantially to metabolism.[@R45] There is, however, less inter-individual variation in CYP3A7 mRNA in fetal liver than variations in CYP3A4 levels found in adult liver.[@R46] CYP3A4 levels increase progressively from about a tenth of adult levels in preterm neonates to approximately adult levels at 6 months.

Inter-individual variation in midazolam clearance was lower in non-critically ill children. The CV was however still large (13%--54%) with a 2--10-fold variation in plasma clearance values. This suggests that even non-critically ill children may be overdosed or underdosed. A recent study developed a model-based approach to individualise midazolam dose based on in vivo maturation function for CYP3A mediated clearance from birth to adulthood.[@R47] Model-based approaches are a welcome addition to ensuring paediatric patients receive the correct dose. However, models do not eliminate inter-individual variation. One therefore needs to titrate the dose.

The role of genetic polymorphism of CYP3A in inter-individual variation of drug disposition has been studied previously. This review could not distinguish any differences in variability between different ethnic subpopulations as the majority of the studies did not document the ethnicity of the sample patients.

In conclusion, this systematic review has identified that inter-individual variation in midazolam clearance is greatest in critically ill children and neonates. The degree of inter-individual variation in critically ill paediatric patients is far greater than the variation in doses administered. This suggests that some patients may receive inadequate doses while others receive excessive doses. Assessment of the response to midazolam in these clinical situations is therefore essential with recognition that higher doses may be needed to achieve adequate sedation. More research is also needed to establish the safety of higher dose ranges.
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